This article is focused on a fractography study of cleavage cracking at triple grain boundary junctions in freestanding silicon thin films. At a triple junction, as the crystallographic orientations of the two grains ahead of the crack are different by only a few degrees, the cleavage front advance becomes quite jerky. The crack first enters the grain of smaller boundary toughness and then turns into the other grain from the lateral direction. Consequently, the overall fracture resistance cannot be analyzed in the framework of line-average theory. The nonuniform characteristic of crack behavior can be attributed to the increase in local stress intensity. A few typical crack front advance modes are identified.
I. INTRODUCTION
Understanding fracture behaviors of polycrystalline thin films is of great importance to assuring safe performance of micro/nanoelectromechanical systems, integrated circuits, sensors, etc. 1 During film growth, if the substrate temperature T sub is relatively high, the grains are equiaxed; if T sub is relatively low, because of the difficulty in surface diffusion, the grain structure becomes columnar. 2 The growth rate of a grain is highly dependent on its orientation. For instance, in a lowtemperature chemical vapor deposition process, 〈110〉 is the most prevalent out-of-plane direction for silicon. 3, 4 As a result, as the film becomes thicker, the growth of nuclei of unfavorable orientations is interrupted, and the microstructure is dominated by the grains that can eventually become large. 5 The fracture toughness of such a film is governed by the through-thickness grain boundaries. 6 If the film is relatively thin, e.g., when the film thickness is only a few micrometers, the influence of buried grains can be significant, as their sizes are comparable with film thickness. When a cleavage front propagates across these boundaries, it must overcome triple junctions, which can have considerable effects on the size dependence of fracture and failure mechanisms and processes at small length scales [7] [8] [9] [10] as well as the grain boundary behaviors. 11, 12 There are a few possible cleavage cracking modes at a triple grain boundary junction. It is sometimes assumed that the crack can simultaneously enter the two grains ahead of the front. The overall resistance offered by the triple junction can then be taken as the average of the fracture resistances of the two boundaries. 13, 14 Another possible crack advance mode is postponed propagation. 15 The crack front would first break through the boundary of lower resistance, and the rest is arrested by the one that is of higher resistance. At the protruding section (the convex part) of the front, the local stress intensity is smaller than that at the concave part (the section that is left behind). The latter would eventually overcome the boundary, and the front tends to be straight again. Under this condition, the overall fracture resistance can still be analyzed in the framework of line average theory, with the contributions of the boundary between the two grains being taken into consideration. 16 Such analyses can provide quite accurate predictions for fracture resistances of bulk polycrystalline materials, 17 since when a cleavage crack propagates across a field of grains, the fracture work is determined by the contributions from all the grains encountered by the front, and the fluctuation in local resistance can be averaged out. In a thin film material, however, along the entire crack front there are only a small number of grains, and therefore the chronology of front advance must be taken into account. According to the fracture experiment on silicon thin films, which will be discussed shortly, in the samples under investigation, neither the simultaneous break-through mode nor the postponed propagation mode was observed. The crack front always entered one grain first and then turned into the other from the lateral direction. Figure 1 depicts the sample structure. As the tensile load is increased gradually, the transmission process of a cleavage front from the grain behind the junction (A) to the two grains ahead of it (B and C) can be examined. In the current study, we investigated polycrystalline silicon with grain size of about 10 mm. The as-received material was in wafer form, 4 mm thick. The silicon was heavily doped by boron. The precrack was produced through a controlled-quenching process. The wafer was first heated to 450°C, and then one half of it was immersed in cold water. Because of the steep temperature gradient, a large number of thermal cracks were generated, many of which were arrested by grain boundaries. The thermal cracks became clearly visible after the wafer was etched for a few minutes in a dilute hydrofluoric acid etchant. At each side of the wafer, the orientations of the grains could be analyzed through Laue x-ray backscatter measurement. The cracks that were arrested by different grains at both sides of the wafer were identified. Along the front of such a crack, there was at least one triple grain boundary junction.
II. EXPERIMENTAL
Silicon blocks (15 mm × 15 mm) that contained suitable crack tips were harvested from the wafer by electrical discharge machining (EDM). They were then EDM cut along the crack direction into 0.2-mm-thick slides and mechanically polished down to about 100 m. To further reduce film thickness and protect precrack surfaces, hydroxyl groups were end-capped by silane groups. The surface-modification process was similar to that of nanoporous silicas, 18 except that the treatment time (120 h) was much longer. The treated surfaces were highly hydrophobic, and therefore when the sample was immersed in etchant, the precrack surface would not be affected. After the silane groups on the sample surfaces were removed by mechanically polishing, the sample was thinned by critical etching to about 10-15 m. The etchant contained 7% of hydrofluoric acid, 75% of nitric acid, and 18% of acetic acid. During etching, the etchant flowed across the sample surface at a constant rate of 30 mL/min. The flow was controlled by an Omega peristaltic pump. The film thickness was examined every 3-5 min using a laser interferometer. The etching rate was 3-5 m/min.
The thin-film sample was mounted on the sample stage of a microtensile machine by using Loctite-411 glue. The design and characterization of the testing machine were described in a previous work. 19 By using an inchworm actuator, a tensile load normal to the precrack plane was applied. As the crossheads moved apart at the rate of 10 m/s, the precrack would eventually overcome the triple junction. Figures 2-5 show typical scanning electron microscope (SEM) images of fracture surfaces.
III. RESULTS AND DISCUSSION
The orientations of the two grains ahead of the triple boundary junction in the samples under investigation distribute quite randomly. The twist misorientation angle was in the range of 6°-24°, and the tilt misorientation angle was in the range of 5°-19°. Note that in silicon because cleavage cracking can occur along both {110} and {111} planes, usually the misorientation angles of cleavage surfaces across a grain boundary are less than 25°. In all the cases, simultaneous break-through of cleavage front across the two boundaries between grains A and B and A and C never takes place. The crack front always penetrates first through the boundary of the smaller twist misorientation angle, as shown in Fig. 2 . Initially, the precrack front is aligned along the boundaries at both sides of the triple junction. As the external tensile load increases, the local stress intensity along the front K(x) rises gradually, where x indicates the axis normal to the crack advance direction. Since the front is straight, K(x) should be quite uniform, and therefore the crack would penetrate through the boundary where the local fracture resistance is lower. According to a previous analysis, 20 the relationship between crystallographic orientation and boundary toughness is
where and are twist and tilt angles, respectively, K SC is the effective toughness of a crystallographic plane, and C 0 is a material constant. As or increases, K GB becomes larger, and the effect of is more pronounced; that is, it is likely that the boundary with smaller twist angle is of a lower fracture resistance, which is compatible with the experimental observation.
Once the crack penetrates into one of the grains (B), there are at least two possible ways for its front to enter the other one (C). The first is the postponed propagation that has been discussed previously. The front sections left behind the verge of propagating front would overcome the barrier effect of the boundary between grains A and C, and advances faster than the front section in grain B, so that the entire front tends to be straight again. However, this mode was not observed in our experiment. The other possible mechanism, as depicted in Fig. 6 , is kinktype propagation, which occurs in all the thin-film samples. After the front enters grain B, a kink-type structure would be formed in the cleavage front, connecting together the protruding part and the arrested part. As the advance distance in grain B is relatively large, the kinktype front section would overcome the boundary between grains B and C, entering grain C from the lateral direction, and thus the separation of the entire fracture surface around the triple junction is completed. Such a front behavior is somewhat similar to the propagation of a half double-kink along a screw dislocation. In the sample shown in Fig. 2 , the twist angle of the boundary between the two grains ahead of the triple junction was 14°; the twist angels of the other two boundaries were 6°and 11°, respectively. The measured grain boundary toughness was 1.90 MPa m 1/2 . The crack front first overcame the boundary of the twist angle of 6°, entering from grain A to B. Then, instead of breaking through the boundary of the twist angle of 11°, it propagated into the third grain (C). This should be attributed to the nonuniform distribution of local stress intensity. As shown in Fig. 6(a) , through either perturbation analysis [22] [23] [24] or numerical simulation, 25 it has been well known that the stress field at a crack tip is highly dependent on the front profile. At the verge of propagating front, the local stress intensity is smaller, and along the front section that is left behind, the local stress intensity is higher. The value of K(x) near a free surface tends to be lower. Most importantly, a peak of K(x) can be formed at a corner, e.g., a kink section. If the corner is perfectly sharp, the local stress intensity tends toward infinity. Therefore, even if the local fracture resistance is slightly higher, once the kink-type structure is formed, the front would expand at the location where the local K(x) reaches the maximum value.
In Fig. 3 , with respect to the initial crack surface, the twist angle of the upper grain ahead of the triple junction was 8°, and that of the bottom one was 11°, only slightly different. The twist angle at the boundary between the two grains was 16°. The measured grain boundary toughness was 1.95 MPa m 1/2 . It can be seen that the crack front enters the bottom grain along two directions from both the upper grain and the grain behind the triple junction. However, it is clear that the break-through of the boundary between the two grains ahead of the triple junction happens first, which dominates the separation of fracture surfaces. Only when most of the bottom grain has cracked does the arrested front section start to advance.
One interesting phenomenon is that the break-through modes along the boundary exposed to the initial crack front and the lateral boundary between the two grains ahead of the triple junction are quite different. As shown in Fig. 2 , when the front bypasses the boundary between grains A and B, very often there is only one breakthrough point; i.e., the front first penetrates through the boundary at a single point, and once the penetration depth is relatively large the entire boundary is separated apart. At the boundary between grains B and C, the front penetrates through the boundary at a number of points. The fracture surface shifts from the cleavage plane of grain B to that of grain C locally, forming a series of parallel terraces. The cleavage front breaks down into many segments; each segment advances quite independently, until secondary fracture takes place and these terraces are connected. The edges of the terraces become river markings. It should be related to the intrinsic distance between break-through points w. At the boundary between grains A and B, w is relatively large, and along the entire boundary there is only one break-through point. At the boundary between grains B and C, w is considerably smaller, and thus a number of breakthrough points can be formed. The factors that govern the break-through-point distance are still under investigation. They probably include the dynamic effect, the mixed fracture mode, the variation in local crack growth driving force, and/or the chronology of front motion. For instance, as the front propagates further in grain B, it is likely that it may branches into grain C quasiperiodically.
In some cases, the arrested crack front section never breaks through the tougher boundary, even after the fracture surfaces are completely separated. In Fig. 4 , the cleavage front first enters the bottom grain ahead of the triple junction and then breaks through the lateral boundary and advances into the upper grain. Instead of shearing apart the persistent grain boundary, the front goes back from the upper grain to the grain behind the triple junction. That is, a few break-through points are formed as the front penetrates across the boundary locally. When the front segments merge, an undercut is created. In  Fig. 5 , since the upper grain exposed to the initial crack front is quite small, once the front enters the bottom grain it entirely surrounds the upper one, cracking it from the far end.
IV. CONCLUSION
To summarize, through a fractography study, the cleavage cracking processes across triple grain junctions in silicon thin films were investigated. The crack front bypasses triple junction nonuniformly, somewhat similar to the kink motion along a dislocation line. It first breaks through the grain boundary of lower resistance, and then enters the other grain from the lateral direction, which can be related to the local stress concentration at the kink-type front section. Thus, the overall fracture resistance of the triple junction should not be assessed by using line-average theory. The failure modes at the boundary exposed to the initial crack front and the lateral boundary are quite different.
